, 2003). The CUE domain of
The Vps9p CUE Domain Is a Helical Dimer The structure of the G440E mutant of the CUE domain Vps9p resembles the UIMs of eps15 in that it promotes ubiquitination within the same polypeptide chain. Other of Vps9p (residues 394-451) was determined by multiwavelength anomalous dispersion (MAD) using the sig-CUE domains bind to monoubiquitin, but some, such as that of Cue1p, bind with much lower affinity (Shih nal from the two SeMet residues and refined at 2.3 Å resolution ( Figure 1A and Table 1 vector and has little effect on the interaction with ubiquiThe structure consists of three ␣ helices and two connecting loops ( Figure 1B) . Helices ␣2 and ␣3 are antipartin (Table 2) . Residues 394-397, which precede the N terminus of the CUE domain as defined by Ponting allel to the longer helix ␣1. The Vps9p CUE domain forms extensive dimer contacts across a crystallographic two-(2000), are disordered. The ␣3 helix of one CUE monomer interacts with ␣1 and ␣2 of its partner using interactions equivalent to those UBA[1]), the CUE domain structure revealed significant structural homology with the UBA domain. The first two of ␣3 of the UBA monomer with ␣1 and ␣2. The CUE domain undergoes a monomer:dimer equilibrium in sohelices of the apo CUE domain can be superimposed on the corresponding helices of the UBA domains of lution. We assume that in solution, the unliganded CUE monomer is in a closed, globular conformation similar Rad23 ( Figure 1C) Table 1 ). The K435A/ ity, rather than binding. A salt bridge is formed between K436A mutant binds ubiquitin (Table 2) between Ile-433Ј and ubiquitin Leu-8, and between AlaThese features may explain the relatively high free R 434Ј and Leu-71. The C␤ of Ala-435Ј, which replaces factor (Table 1) . The Vps9p CUE domain in the crystalLys-435 in wild-type, makes contact with Leu-73. The lized complex is a domain-swapped dimer, but the ubialiphatic moiety of the Lys side chain in wild-type is quitin-bound CUE dimer is not disulfide bonded.
predicted to make more extensive interactions. The loss The bound CUE dimer undergoes a dramatic conforof these interactions would explain the reduced affinity mational change (Figure 3 ) relative to the apo structure.
of K435A/K436A for ubiquitin (Table 2, Figure 5A ). AspResidues 398-431 and 437Ј-451Ј belong to a rigid core 430Ј interacts with Thr-9. The ␣2Ј contact residues are that shifts by only 1.2 Å rmsd (C␣ positions). With these less conserved than the MFP and LL motifs, so this residues used for reference, ␣3 moves 28 Å (C␣ of 444), contact may be a feature of the high-affinity monoubiand the N terminus of ␣2Ј moves 21 Å (C␣ of 424).
quitin binding subclass of CUE domains, rather than all Residues 434-437 form an extended coil that pivots to CUE domains. allow a large movement between ␣2 and ␣3. The entire
The last contact region is formed by part of the linker ␣1Ј/␣2Ј unit rotates by roughly 180Њ relative to its orientabetween the domain-swapped monomers (residues tion in the apo structure. The conformational changes 438Ј-440Ј). The side chain of Arg-438Ј approaches the in the CUE dimer bend it 122Њ into the rod-like apo C terminus of the ordered part of ubiquitin at Leu-73. structure, pushing it into the shape of a basket with an Ile-439Ј makes a hydrophobic contact with Val-70, and opening 36 Å across, 16 Å wide, and 8 Å deep.
Gly-440Ј contacts Arg-42 and Val-70. The domainThe CUE dimer wraps itself partway around one of swapped conformation allows this linker region to wrap the two ubiquitin molecules in the asymmetric unit (Figures 2B and 2C) . The interface buries 654 Å 2 of solventhalfway around the C terminus of ubiquitin. Mutations were constructed to test which of the two It also sets an upper limit of ‫071ف‬ M to the affinity of the monomer for ubiquitin. The low affinity of the faces of the CUE domain were involved. Several mutants were made in which surface hydrophobic residues were monomer for ubiquitin is consistent with the small amount of solvent-accessible surface area buried in the replaced with acidic residues. The mutant proteins M419D, F420D, L427D, D430A, D444A, and L447E were interface. Because disruption of either interface greatly impairs or abolishes ubiquitin binding, we conclude that stable enough to be expressed and purified at wildtype levels. The interactions between all of these mutant both interfaces are required for high-affinity binding. The surface area buried in the combined interface is proteins and ubiquitin were measured by isothermal titration calorimetry (ITC). The ␣1/␣3Ј interface mutants consistent with the high affinity of CUE for ubiquitin determined from sedimentation analysis (see below). M419D and F420D had undetectable binding by ITC Both interfaces can be presented to a single ubiquitin the CUE domain dimer is required for in vivo function, not just the portion of the interface present in the CUE molecule in the dimer, but not in the monomer. The only reasonable explanation for the mutational data is that monomer. We tested whether Vps9p-CUE was capable of dimerthe CUE monomer is capable of binding ubiquitin with low affinity, but the dimer is the only form of the CUE izing in vivo and whether interactions between other portions of Vps9p could affect the stability of the dimer domain capable of binding with high affinity. in vivo using the yeast two-hybrid system ( Figure 5D ).
A collection of bait and prey fusions were constructed The Vps9p CUE Domain Functions as a Dimer In Vivo that expressed various portions of Vps9p, and interaction was scored using a ␤-galactosidase reporter sysIn order to assess the role of the CUE dimer interface in vivo, the CUE interface mutants were incorporated tem (see Experimental Procedures). Prey fusions that encoded full-length Vps9p (residues 1-451) interacted into intact Vps9p and assessed in vivo in yeast (Figures 5B and 5C). One function of the Vps9p CUE is to promote with a bait fusion that encoded the C-terminal portion of Vps9p (residues 159-451) and a bait fusion that encoded ubiquitination of Vps9p itself (Davies et al., 2003; Shih et al., 2003). Mutations in the interface common to both
only the Vps9 CUE domain (residues 408-451). Additionally, the bait fusion containing only the CUE domain also the monomer and dimer either blocked (M419D, F420D, V443D) or reduced (D444A, L447E) ubiquitination. Mutainteracted with a prey fusion that contained only the CUE domain, indicating that the CUE domain robustly tions in the ␣2 interface, which is only formed in the dimer, either completely blocked (L427D) or sharply reinteracted with itself in vivo. These results support the conclusion that the Vps9p CUE domain dimerizes in duced (D430A) ubiquitination. The rank order of the effects of the mutants on ubiquitination in vivo and direct vivo. binding in vitro are nearly identical ( Table 2 ). The Vps9p-CUE is required for the efficient endocytosis of the mat-
Quantitation of CUE Monomer and Dimer Complexes with Ubiquitin in Solution ing factor receptor Ste3p. Analysis of a Ste3-GFP reporter indicated a partial defect in Ste3p trafficking with
We sought to determine whether ubiquitin complexes with monomers and dimers could be detected in solution the increased appearance of perivacuolar pucta in yeast expressing Vps9 alleles bearing the CUE domain mutausing sedimentation equilibrium centrifugation. To test the role of the dimer interface in complex formation, tions described above (Table 2; Figure 5C ). Mutations at either the monomer/dimer common ubiquitin binding studies were executed in parallel on wild-type and on the ␣2 interface mutant L427D. The L427D mutant was interface or the unique ubiquitin binding interface of the dimer interfere withVps9p function in vivo to similar predicted to destabilize the ubiquitin complex with the CUE dimer, but not with the CUE monomer. In order to degrees. Thus the entire ubiquitin binding interface of model the data without overfitting, two simplified modnoncooperative. Both models contain only one adjustable parameter, K 0 , which represents the association els were constructed. In one model, the interactions in the dimer are cooperative and in the other, they are constant for the formation of a 1:1 CUE:ubiquitin com-plex (CU). In the cooperative model, the CUE dimer interacts with ubiquitin in only one manner such that the free energy of this 2:1 complex formation is twice that for 1:1 complex formation. In the noncooperative model, the free energies of formation of the C 2 U and U 2 C complexes from the CUE dimer and free ubiquitin are identical to that for 1:1 complex formation. Data for the wild-type CUE did not fit the noncooperative model ( Figure 5E ), but excellent fits to the cooperative model were obtained ( Figure 5F ). The fit to the data yields a wild-type CUE dimer:ubiquitin K 
Lattice Contacts Explain Multiple Binding Modes
The presence of two ubiquitin monomers per CUE dimer in the crystal was surprising, since the CUE dimer wraps around only one of the two ubiquitin molecules. Lattice contacts with the other ubiquitin molecule show that the same residues that make specific contacts with the primary ubiquitin are used by the second ubiquitin molecule to hold the crystal lattice together. The hydrophobic surface surrounding Leu-8, Ile-44, and Val-70 of the second ubiquitin molecule forms lattice contacts with the convex "back" sides of two different CUE dimers in the crystal (Figure 6 ). Each CUE dimer has two "left-over" hydrophobic contact sites that do not interact with the of CUE to UIM, it will be interesting to see if such a
principle applies to these domains as well.
K 01 : C 2 ϩ U ← → C 2 U Crystallization of the Vps9p-CUE Domain K 10 : C 2 ϩ U ← → UC 2 The G440E mutant of the CUE domain of S. cerevisiae Vps9p was expressed and purified (Shih et al., 2003) . SeMet G440E Vps9p CUE K 2 : C 2 U ϩ U ← → C 2 U 2 , domain was expressed in E. coli strain B834 (DE3) and purified. The Vps9p CUE domain was concentrated to 30 mg/mL; dialyzed into where C and U are CUE and ubiquitin. Two models were considered. 50 mM NaCl, 20 mM Tris (pH 7.7), and 10 mM DTT; and crystallized In the cooperative model, the cooperativity results in the exclusive in 2 l hanging drops over 0.5 ml reservoirs of 1.9-2.1 M ammonium formation of C 2 U with ⌬G 01 ϭ 2⌬G 0 or K 01 ϭ K 1 ϭ (K 0 ) 2 . In the noncoopsulfate and 100 mM Tris-HCl (pH 8.2-8.8). Crystals were cryoproerative model, the complexes C 2 U and UC 2 are symmetrically indistected in mother liquor supplemented with 25% ethylene glycol and tinguishable, with K 01 ϭ K 10 ϭ K 0 and K 01 ϩ K 10 ϭ K 1 . In both models, frozen in liquid propane. it is assumed that K that labeling was at a concentration of 16 M at 30ЊC, cells were MAD data sets were collected from apo and ubiquitin bound CUE chased 1 hr, and cyclohexamide was added (3 g/ml) during the crystals at beamlines 19ID and 22ID, respectively, at the Advanced last 45 min of the chase period. Labeled cells were visualized on Photon Source, Argonne National Laboratory. MAD data were colan Olympus IX70 inverted microscope with a Rhodamine filter. Ste3-lected at three wavelengths, at 95 K, and in 1Њ oscillation frames, GFP was visualized with a FITC filter. Images were collected with and reduced using DENZO and Scalepack (Otwinowski and Minor, a Photometrix digital camera and deconvolved using DeltaVision 1997). Se atoms were located and phases were calculated with (Applied Precision). SOLVE (Terwilliger and Berendzen, 1999) . Density modification of the initial maps was performed using RESOLVE (Terwilliger, 2000) . Table 1 ). The complex model was subsequently refined mids that also encoded the indicated portions of Vps9p. These at 1.7 Å using Refmac5 of the CCP4 suite programs (CCP4, 1994). transformants were cotransformed with the prey plasmid alone (pGAD-GH), or prey plasmids encoding full-length or the indicated Site-Directed Mutagenesis portions of Vps9p, or a prey plasmid expressing ubiquitin. CotransSite-directed Vps9p CUE domain mutants were constructed using formants were selected on minimal media and interaction was the GeneTailor mutagenesis kit (Invitrogen) and confirmed by DNA sequencing.
Two-Hybrid Analysis
scored using a ␤-galactosidase filter assay (Vojtek et al., 1993 ).
